High tidal volume mechanical ventilation and the resultant excessive mechanical forces experienced by lung vascular endothelium are known to lead to increased vascular endothelial leak, but the underlying molecular mechanisms remain incompletely understood. One reported mechanotransduction pathway of increased endothelial cell (EC) permeability caused by high magnitude cyclic stretch (18% CS) involves CS-induced activation of the focal adhesion associated signalosome, which triggers Rho GTPase signaling. This study identified an alternative pathway of CS-induced EC permeability. We show here that high magnitude cyclic stretch (18% CS) rapidly activates VEGF receptor 2 (VEGFR2) signaling by dissociating VEGFR2 from VE-cadherin at the cell junctions. This results in VEGFR2 activation, Src-dependent VE-cadherin tyrosine phosphorylation, and internalization leading to increased endothelial permeability. This process is also accompanied by CS-induced phosphorylation and internalization of PECAM1. Importantly, CSinduced endothelial barrier disruption was attenuated by VEGFR2 inhibition. 18% CS-induced EC permeability was linked to dissociation of cell junction scaffold afadin from the adherens junctions. Forced expression of recombinant afadin in pulmonary endothelium attenuated CS-induced VEGFR2 and VE-cadherin phosphorylation, preserved adherens junction integrity and VEGFR2⅐VE-cadherin complex, and suppressed CS-induced EC permeability. This study shows for the first time a mechanism whereby VEGFR2 activation mediates EC permeability induced by pathologically relevant cyclic stretch. In this mechanism, CS induces dissociation of the VE-cadherin⅐VEGFR2 complex localized at the adherens juctions, causing activation of VEGFR2, VEGFR2-mediated Src-dependent phosphorylation of VE-cadherin, disassembly of adherens junctions, and EC barrier failure.
High tidal volume mechanical ventilation and the resultant excessive mechanical forces experienced by lung vascular endothelium are known to lead to increased vascular endothelial leak, but the underlying molecular mechanisms remain incompletely understood. One reported mechanotransduction pathway of increased endothelial cell (EC) permeability caused by high magnitude cyclic stretch (18% CS) involves CS-induced activation of the focal adhesion associated signalosome, which triggers Rho GTPase signaling. This study identified an alternative pathway of CS-induced EC permeability. We show here that high magnitude cyclic stretch (18% CS) rapidly activates VEGF receptor 2 (VEGFR2) signaling by dissociating VEGFR2 from VE-cadherin at the cell junctions. This results in VEGFR2 activation, Src-dependent VE-cadherin tyrosine phosphorylation, and internalization leading to increased endothelial permeability. This process is also accompanied by CS-induced phosphorylation and internalization of PECAM1. Importantly, CSinduced endothelial barrier disruption was attenuated by VEGFR2 inhibition. 18% CS-induced EC permeability was linked to dissociation of cell junction scaffold afadin from the adherens junctions. Forced expression of recombinant afadin in pulmonary endothelium attenuated CS-induced VEGFR2 and VE-cadherin phosphorylation, preserved adherens junction integrity and VEGFR2⅐VE-cadherin complex, and suppressed CS-induced EC permeability. This study shows for the first time a mechanism whereby VEGFR2 activation mediates EC permeability induced by pathologically relevant cyclic stretch. In this mechanism, CS induces dissociation of the VE-cadherin⅐VEGFR2 complex localized at the adherens juctions, causing activation of VEGFR2, VEGFR2-mediated Src-dependent phosphorylation of VE-cadherin, disassembly of adherens junctions, and EC barrier failure.
Ventilator support is an indispensable treatment for critically ill patients. However, difficulties with precise evaluation of functional ventilated lung volumes in patients with inflamed lungs lead to a suboptimal regimen of mechanical ventilation, culminating in ventilator-induced lung injury and multiorgan dysfunction. As a result, high rates of morbidity and mortality remain one of the most important problems in the management of patients with pre-existing respiratory complications in the intensive care unit (1, 2) . Increased lung vascular leakiness caused by mechanical ventilation at elevated tidal volumes is a major contributor to alveolar flooding and pulmonary edema.
Endothelial cell (EC) 2 junctions called adherens junctions (AJ) play a key role in the regulation of vascular endothelial permeability (3) (4) (5) (6) . VE-cadherin promotes homophilic adhesion in vascular endothelium, forming zipper-like AJs along cell contacts. Cytoplasmic and transmembrane VE-cadherin domains interact with intracellular partners, including regulatory protein p120-catenin, ␣,␤,␥-catenins that link VE-cadherin with cytoskeleton, signaling kinases, and receptors (7) (8) (9) (10) . Afadin is another important AJ-associated protein, controlling assembly of cell-cell junctions in epithelial and endothelial monolayers (11, 12) . Afadin also mediates agonist-induced assembly of AJ complexes, as well as physical interactions between adherens junctions and tight junctions, which contribute to agonist-induced EC barrier enhancement (13, 14) .
In addition to playing a key structural role in formation of AJ complexes that maintain the integrity of endothelial monolayer in the lung, VE-cadherin participates in autoregulation of AJ assembly by coordinating local signaling. Mechanisms by which VE-cadherin can transduce intracellular signals include binding to VEGF receptor 2 (VEGFR2), which prevents VEGFR2 phosphorylation, internalization, and signaling to MAPK; binding to and assembly of TGF-␤ receptor complex, which enhances Smad-dependent transcription; and signaling through small GTPases including Rho/ROCK to promote actomyosin contraction, Rac1/Tiam1, and Rap1/Epac (15) .
Studies of flow-induced mechanotransduction in vascular endothelium revealed a novel role of VE-cadherin as part of mechanosensitive complex containing VE-cadherin, PECAM1, and VEGFR2 (16) . This complex coordinates flow-induced cell reorientation and activation of cell substrate adhesive complexes. Moreover, VEGFR2 phosphorylation plays important role in flow-induced inflammatory activation of vascular endo-thelium exposed to disturbed flow (16) . Physical association of VE-cadherin and VEGFR2 at AJ suppresses VEGFR2-mediated signaling and thus limits EC permeability. On the other hand, dissociation of VEGFR2⅐VE-cadherin complex promotes VEGFR2 autophosphorylation and activation (17) . Interestingly, VEGFR2 transactivation has been observed in another case of AJ disruption caused by truncated phospholipids. In those conditions, acute barrier dysfunction was associated with rapid internalization of VE-cadherin and stimulation of VEGFR2 tyrosine phosphorylation, which caused a delayed activation of the VEGFR2-RhoA pathway of EC permeability (18) . Taken together, these findings emphasize the importance of VEGFR2/VE-cadherin association for the maintenance of EC barrier under flow conditions. Potential involvement of AJ-associated signaling in the EC dysfunction caused by pathologically relevant high magnitude cyclic stretch remains unknown. Cell models recapitulating ventilation-associated mechanical strain experienced by lung vascular endothelium and epithelium have been developed by our and other groups (19 -24) . Exposure of pulmonary EC monolayers to pathologically relevant high magnitude CS exacerbated EC permeability caused by vasoactive and proinflammatory mediators by enhancing agonist-induced activation of RhoA pathway of EC barrier dysfunction (20, (25) (26) (27) . CS also may directly activate Rho signaling via stretch-induced assembly of focal adhesion-associated signaling complex containing paxillin, MAP kinase, and Rho-specific nucleotide exchange factor GEF-H1. These events trigger GEF-H1-RhoA-mediated pathway of EC permeability (28) . Whether the VE-cadherin⅐ VEGFR2 complex can be affected by elevated CS amplitudes and whether this mechanism contributes to the sustained vascular leak in lung vasculature under excessive mechanical strain remain unknown. This mechanism was tested in this study.
Experimental Procedures
Reagents and Cell Culture-Human thrombin was obtained from Sigma. VEGFR2 inhibitor SU-1498, Src kinase family inhibitor PP2, and phosphotyrosine (4G10) antibody was obtained from EMD Millipore (Billerica, MA). VE-cadherin, p120-catenin, afadin, and EEA1 antibodies were obtained from BD Transduction Laboratories (San Diego, CA); PECAM1 and Na ϩ /K ϩ -ATPase antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA); BV9 antibody interacting with VE-cadherin extracellular domain and mouse monoclonal GFP antibody were obtained from Abcam (Cambridge, MA); phospho-VEGFR2, MEK1/2, and HRP-linked anti-mouse and anti-rabbit IgG antibodies were obtained from Cell Signaling (Beverly, MA). Texas Red phalloidin-and Alexa Flour 488-conjugated secondary antibodies were purchased form Molecular Probes (Eugene, OR). Unless otherwise specified, biochemical reagents were obtained from Sigma. Human pulmonary artery endothelial cells (HPAEC) were obtained from Lonza (Allendale, NJ), cultured according to the manufacturer's protocol, and used at passages 5-7. Apoptosis assay was performed using a viability/cytotoxicity kit from Molecular Probes according to the manufacturer's protocol.
DNA and siRNA Transfections-Sets of VEGFR2-and afadin-specific oligonucleotides (Stealth Select) were obtained from Invitrogen and characterized previously (18, 29) . Transfection of EC with siRNA was performed as previously described (20, 30) . After 48 -72 h of transfection, cells were used for experiments or harvested for Western blot verification of specific protein depletion. Plasmid encoding wild type afadin bearing EGFP tag was kindly provided by Y. Takai (Kobe University, Kobe, Japan). EC were used for transient transfections according to protocol described previously (31) .
Cell Culture under Cyclic Stretch-All cyclic stretch experiments were performed using FX-4000T Flexcell Tension Plus system (Flexcell International, McKeesport, PA) equipped with a 25-mm BioFlex Loading station, as previously described (26, 32) . The experiments were performed in the presence of culture medium containing 2% fetal bovine serum. HPAEC were seeded at standard densities (8 ϫ 10 5 cells/well) onto collagen I-coated flexible bottom BioFlex plates. EC were exposed to CS at 18% distension, sinusoidal wave, 25 cycles/min, to recapitulate the mechanical stress experienced by the alveolar endothelium at high tidal volume mechanical ventilation (32) (33) (34) . Control BioFlex plates with static EC culture were be placed in the same cell culture incubator. Both static HPAEC cultures and cells exposed to CS were seeded onto identical plates to ensure standard culture conditions. When necessary, static controls and CS-exposed HPAEC were treated with thrombin and incubated under continuous exposure to both stimuli. At the end of experiment, cell lysates were collected for biochemical assays, or CS-exposed endothelial monolayers were fixed with 3.7% formaldehyde and used for immunohistochemistry.
Express Micromolecule Permeability Testing Assay-XPerT, recently developed in our group (35) , is based on high affinity binding of avidin-conjugated FITC-labeled tracer added to the culture medium during or after EC treatment with barrier-disruptive agonist to the biotinylated ligand in the underlying matrix. Permeability measurements during cyclic stretch were performed using the 6-well BioFlex plates. HPAEC were seeded on BioFlex plates coated with biotinylated gelatin and grown for 48 -72 h followed by exposure to 18% cyclic stretch with or without thrombin treatment on the FX-4000T Flexecell Tension Plus system described above. At the end of the experiment, FITC-avidin (final concentration, 25 g/ml) was added to the culture medium for 3 min. Unbound FITC-avidin was removed by two-step washing with 3 ml of PBS (37°C). Elastic bottoms of BioFlex plates with HPAEC were excised with a scalpel and transferred to a polystyrene 6-well cell culture plate. Each membrane was covered with 1 ml of PBS, and the fluorescence of membrane-bound FITC-avidin was measured with Victor X5 multilabel plate reader (PerkinElmer Life Sciences).
Immunofluorescence-Endothelial monolayers grown on BioFlex plates were exposed to cyclic stretch and subjected to immunofluorescence staining as described previously (36) . Membranes with attached cells were mounted on 4 ϫ 4-cm rectangular coverslips and analyzed using a Nikon video imaging system (Nikon Instech Co., Tokyo, Japan). Images were processed with ImageJ software (National Institute of Health) and Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA) software. Quantitative analysis of paracellular gap formation and VEcadherin peripheral accumulation was performed by measurements of junctional VE-cadherin immunoreactivity normalized to square area in control and stimulated cells (32, 37, 38) . For each experimental condition, at least 10 microscopic fields in each independent experiment were analyzed.
Differential Protein Fractionation and Immunoblotting-Subcellular protein fractionation was performed as described elsewhere (39) . After stimulation with 18% CS and/or thrombin, HPAEC monolayers were washed with ice-cold PBS. The cytosolic fraction was isolated by centrifugation using extraction buffer containing 50 mM Tris-HCl, pH 7.4, 100 mM sodium chloride, 0.01% digitonin, protease, and phosphatase inhibitors mixture. Next, pellets were resuspended in extraction buffer containing 50 mM Tris-HCl, pH 7.4, 2% Triton X-100, 100 mM sodium chloride, protease, and phosphatase inhibitors mixture and incubated on ice for 30 min. The membrane fraction, also containing components of adherens junction complexes and residual components of cortical actin cytoskeleton, was separated from insoluble main cytoskeletal fraction by centrifugation for 5 min at 16,000 ϫ g. For immunoblotting analysis, protein extracts were separated by SDS-PAGE, transferred to PVDF membrane, and probed with specific antibodies. Analy-FIGURE 1. 18% CS induced time-dependent changes in EC permeability, monolayer integrity, and adherens junction assembly. A, HPAEC grown in Biofex plates coated with biotinylated gelatin (0.25 mg/ml) were subjected to 18% CS for 15 or 120 min, followed by the addition of FITC-avidin (25 g/ml, 3 min). Unbound FITC-avidin was removed, and FITC fluorescence was measured. n ϭ 4; *, p Ͻ 0.05. B, adherens junction remodeling in control and stretched EC was examined by immunofluorescence staining for VE-cadherin. C, cell viability assay. HPAEC were subjected to 18% CS for 120 min or left under static conditions followed by staining with green fluorescent calcein-AM to indicate intracellular esterase activity and red fluorescent ethidium homodimer 1 to indicate loss of plasma membrane integrity. Methanol treatment (50%, 10 min) was used as a control. The results are representative of three independent experiments. D, VE-cadherin immunoprecipitation (IP) under nondenaturing conditions was performed from control EC or cells subjected to 18% CS. The presence of afadin and p120 catenin in immune complexes was examined by Western blot with corresponding antibody. The bar graph depicts quantitative densitometry analysis of Western blot data. n ϭ 3; *, p Ͻ 0.05.
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sis of the protein phosphorylation profile was performed by membrane probing with phospho-specific antibodies as previously described (40) . Equal protein loading was verified by reprobing membranes with antibody to ␤-actin or specific protein of interest. The relative intensities of immunoreactive protein bands (relative density units) were analyzed and quantified by scanning densitometry using ImageQuant software (Molecular Dynamics, Sunnyvale, CA).
Co-immunoprecipitation-Cells were washed in cold PBS and lysed on ice with cold TBS-Nonidet P-40 lysis buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1% Nonidet P-40) supplemented with protease and phosphatase inhibitor cocktails (Roche Applied Science). Clarified lysates were then incubated with antibodies to a protein of interest overnight at 4°C and washed three or four times with TBS-Nonidet P-40 lysis buffer, and the complexes were analyzed by Western blotting using appropriate antibodies.
Surface Protein Biotinylation Assay-The cells exposed to 18% CS or static conditions were washed with PBS (37°C) and incubated with Sulfo-NHS-SS-Biotin (Pierce) (5 mM, 10 min, room temperature). Subsequently, the cells were washed twice with 100 mM glycine/PBS, lysed in 1% Triton-100/PBS (30 min, on ice) and centrifuged (10,000 ϫ g, 10 min, 4°C). Equal amounts of lysates were incubated with 60 l of streptavidinagarose (Pierce) (1 h, 4°C). The beads were washed three times with ice-cold PBS and boiled in SDS sample buffer with 5% 2-mercaptoethanol. Samples were centrifuged for 1 min at 1,000 ϫ g, and supernatants were subjected to Western blotting with antibody of interest.
Statistical Analysis-The results are expressed as means Ϯ S.D. Experimental samples were compared with controls by unpaired Student's t test. For multiple group comparisons, a one-way variance analysis and post hoc multiple comparison tests were used. p Ͻ 0.05 was considered statistically significant.
Results

Transient Increase in EC Permeability Caused by 18% CS Is Associated with Partial Disassembly of Adherens Junctions-
We examined the effects of high magnitude CS on EC permeability. Human pulmonary EC grown to confluence on BioFlex plates coated with biotinylated collagen were exposed to 18% CS for 15 or 120 min, and monolayer permeability was evaluated by increased fluorescence of FITC-labeled avidin tracer bound to the bottoms of BioFlex, as described under "Experimental Procedures." Stimulation with 18% CS transiently increased EC monolayer permeability for macromolecules, which declined after 120 min of CS exposure (Fig. 1A) . The transient permeability increase at 15 min of CS was associated with rapid EC monolayer remodeling, and partial disassembly of adherens junctions was visualized by cell staining for VEcadherin. In consistence with permeability data, maximal formation of paracellular gaps was observed at 15 min of CS followed by re-establishment of EC monolayer by 120 min (Fig.  1B) . The viability assay data show no increases in cell death indices in the cells exposed to 120 min of 18% CS (Fig. 1C) .
Transient effects of 18% CS on AJ integrity were further investigated in co-immunoprecipitation studies. Pulmonary EC were exposed to 18% CS for 15 or 120 min followed by immunoprecipitation of VE-cadherin under nondenaturing conditions. 18% CS induced transient decrease in the amounts of afadin and p120-catenin co-precipitated with VE-cadherin after 15 min of stimulation (Fig. 1D ). The VE-cadherin⅐p120catenin complex was partially restored after 120 min of 18% CS, although the levels of p120-catenin in VE-cadherin immunoprecipitates were lower as compared with static conditions. Afadin association with VE-cadherin remained decreased after 120 min of CS exposure.
Sustained Exposure to 18% CS Augmented EC Permeability Response to Low Dose Thrombin-Stimulation of pulmonary EC exposed to pathologically relevant levels of cyclic stretch with thrombin was used to reproduce a two-hit model of ventilator-induced lung injury (41, 42) . Cell monolayers were exposed to 120 min of 18% CS to recapitulate the mechanical stresses experienced by lung endothelium at high tidal volume mechanical ventilation. Prolonged exposure to 18% CS slightly increased basal EC permeability levels but markedly augmented permeability increase caused by low dose of thrombin (0.1 unit/ ml) ( Fig. 2A ). At this dose, thrombin caused a submaximal permeability increase in static pulmonary EC culture, which was evaluated by measurements of transendothelial electrical resistance (data not shown). In static EC cultures, stimulation with low thrombin dose caused moderate disruption of adherens MAY 6, 2016 • VOLUME 291 • NUMBER 19
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junctions detected by VE-cadherin staining. Thrombin-induced disruption of adherens junctions and formation of intercellular gaps were exacerbated in thrombin-treated EC exposed to 18% CS (Fig. 2B) .
18% CS Caused Dissociation of VE-cadherin⅐VEGFR2 Complex and Stimulated VEGFR2 and VE-cadherin Tyrosine Phosphorylation and VE-cadherin Internalization-Study of EC monolayers exposed to fluid shear stress demonstrated flowinduced assembly of a VE-cadherin-PECAM1-VEGFR2 complex and defined this complex as a flow-induced mechanosensory module (16) . Whether VE-cadherin⅐VEGFR2 interactions are controlled by cyclic stretch and whether CS-induced VEcadherin disengagement from AJ induces VEGFR2 activation remain unknown. These questions were addressed in the following studies. 18% CS significantly decreased association of VE-cadherin and VEGFR2 detected in reciprocal co-immunoprecipitation assays probed with VE-cadherin or VEGFR2 antibodies (Fig. 3A) . 18% CS also caused sustained phosphorylation of VEGFR2 at Tyr 1175 , which reflects VEGFR2 activation, and increased phosphorylation of VE-cadherin at Tyr 658 (Fig. 3B) , which is known to cause VE-cadherin dissociation from p120 catenin, VE-cadherin internalization, and disassembly of adherens junctions (43) (44) (45) . These results suggest sustained weakening of adherens junction complexes caused by pathologic CS. Because Src family kinases may play a role in VE-cadherin phosphorylation, we next examined whether Src is involved in VEGFR2-mediated phosphorylation of VE-cadherin. VE-cadherin phosphorylation at Tyr 658 was observed in the cells treated with VEGF. This effect was abolished by Src inhibitor PP2 (Fig. 3C) . Similarly, pretreatment with Src inhibitor suppressed VE-cadherin phosphorylation in response to CS (Fig.  3D) .
18% CS-induced VE-cadherin dissociation and VEGFR2 activation were linked to stretch-induced disassembly of VEcadherin-positive cell junctions (Fig. 1B) . Interestingly, disengagement of VE-cadherins in static EC culture by cell treatment FIGURE 3 . 18% CS decreased association between VE-cadherin and VEGFR2 and stimulates their tyrosine phosphorylation. HPAEC monolayers were stimulated with 18% CS for indicated periods of time or left under static (ST) conditions. A, co-immunoprecipitation assays using VE-cadherin and VEGFR2 antibodies. The presence of VE-cadherin and VEGFR2 in immunocomplexes was detected by Western blot analysis with corresponding antibody. The bar graphs depict quantitative densitometry analysis of Western blot data. n ϭ 3; *, p Ͻ 0.05 versus static conditions. B, time-dependent phosphorylation of VEGFR2 and VE-cadherin induced by 18% CS was detected by Western blot analysis with corresponding antibodies. n ϭ 4; *, p Ͻ 0.05 versus static conditions. C, time-dependent phosphorylation of VE-cadherin in response to VEGF (500 ng/ml) with or without PP2 (2 m, 30 min) pretreatment was evaluated by Western blot analysis. n ϭ 3; *, p Ͻ 0.05 versus VEGF alone. D, VE-cadherin phosphorylation was analyzed in 18% CS-exposed EC (15 min) with or without PP2 (2 m, 30 min) pretreatment. n ϭ 3; *, p Ͻ 0.05 versus CS alone. IP, immunoprecipitation; RDU, relative density units.
with BV-9 monoclonal antibody, which blocks homotypic interactions of VE-cadherin extracellular domains with other VE-cadherins and leads to disruption of EC monolayer barrier (46) , significantly increased phosphorylation of VEGFR2 (Fig. 4A ).
Surface biotinylation studies (Fig. 4B ) showed that 18% CS decreased VE-cadherin membrane localization (Fig. 4B) . The results were consistent with reduced VE-cadherin content in the membrane fractions. The minimal levels of membrane associated VE-cadherin were observed after 15 min of CS exposure and partially recovered after 2 h of CS stimulation (Fig.  4C ). Taking into consideration the role of endosomes in VEcadherin internalization leading to EC barrier dysfunction, we performed an additional characterization of membrane fractions using markers of the plasma membrane and endosomes (Fig. 4C) . The results show that the membrane fraction preparations contained mostly a plasma membrane marker Na ϩ /K ϩ -ATPase and low levels of endosomal marker EEA1, which were most abundant in the cytosolic fraction (47) . We did not observe a noticeable decrease of VE-cadherin content in the total cell lysates, suggesting insignificant VE-cadherin degradation in EC exposed to 18% CS. Thus, we interpret changes in VE-cadherin content in the membrane fraction as VE-cadherin dissociation from the plasma membrane, which is also consis-tent with results of surface biotinylation assays and VE-cadherin immunofluorescence staining.
Mechanical stimulation of EC by flow leads to PECAM1 phosphorylation, which in turn activates Erk kinase cascade. In addition, studies of flow-exposed EC suggest that PECAM1 is a part of the flow-sensing mechanotransduction complex (16, 48, 49) . In contrast to recognized PECAM1 role in flow-induced mechanosensing and EC remodeling, the role of PECAM1 in cyclic stretch-induced EC barrier regulation is less well understood. Our experiments show that 18% CS induced PECAM1 phosphorylation ( Fig. 5A ) and partial dissociation from the cell membrane (Fig. 5, B and C) . However, immunoprecipitation experiments (Fig. 5D ) did not reveal increased PECAM1 association with VE-cadherin or VEGF2 upon acute stimulation with 18% CS. These data were confirmed by imaging analysis of PECAM1 and VE-cadherin localization in the lung EC (Fig. 5E ). In agreement with previous observations, VE-cadherin was found in immediate adherens junction compartment, whereas PECAM1 was enriched in distinctive areas of overlapping adjacent endothelial cells (57) .
VEGFR2 Mediates Stretch-induced VE-cadherin Tyrosine Phosphorylation, Internalization, and Weakening of Adherens
Junctions-Does VE-cadherin/VEGFR2 dissociation and VEGFR2 activation represent a mechanism of CS-induced EC permea- MAY 6, 2016 • VOLUME 291 • NUMBER 19
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bility? To address this question, we performed experiments with molecular and pharmacological inhibition of VEGFR2. siRNA-induced knockdown of VEGFR2 in pulmonary EC monolayers prior to their exposure to 18% CS abrogated stretch-induced phosphorylation of VE-cadherin at Tyr 658 (Fig.  6A ). Similar inhibition of CS-induced VE-cadherin phosphorylation was observed in EC treated with VEGF receptor inhibitor, SU-1498 ( Fig. 6B ). Suppression of CS-induced VE-cadherin phosphorylation by inhibition of VEGFR2 signaling led to increased VE-cadherin cell membrane localization detected by subcellular fractionation assays ( Fig. 6C ) and improved assembly of VE-cadherin-positive adherens junctions shown by immunofluorescence staining of EC monolayers for VE-cadherin ( Fig. 6D) .
VEGFR2 Mediates Exacerbation of Cyclic Stretch-induced EC Permeability Caused by Thrombin-Involvement of VEGFR2 in exacerbation of agonist-induced EC permeability by 18% CS was tested in experiments with VEGFR2 knockdown. CS-stimulated cells treated with control and VEGFR2-specific siRNA we challenged with submaximal doses of thrombin (0.1 unit/ ml). EC permeability was assessed using fluorescence-based XPerT permeability assay described above. VEGFR2 knockdown decreased the permeability response to combined stimulation of EC with 18% CS and thrombin (Fig. 7A ). VEGFR2 knockdown also abolished 18% CS/thrombin-induced disappearance of VE-cadherin from the cell membrane fraction (Fig.  7B ) and suppressed formation of paracellular gaps in EC monolayers exposed to 18% CS and thrombin, as shown by visualization of VE-cadherin positive adherens junctions (Fig. 7C) .
Role of Afadin in Preservation of the Integrity of the VEGFR2⅐VE-cadherin Complex and Adherens Junction in EC
Exposed to 18% CS-Afadin is an important initiator of cell junction assembly. Afadin association with VE-cadherin and p120-catenin plays a key role in the maintenance of cell monolayer FIGURE 5 . 18% CS induced PECAM1 tyrosine phosphorylation and internalization. HPAEC monolayers were stimulated with 18% CS for indicated periods of time or left under static conditions. A, 18% CS-induced PECAM1 tyrosine phosphorylation was analyzed by immunoprecipitation (IP) assays with PECAM1 antibody followed by probing for phosphotyrosine. The results are representative of three independent experiments. B, PECAM1 distribution in control and stretched EC was examined by immunofluorescence staining. The bar graph represents quantitative analysis of PECAM1 peripheral accumulation. The data are expressed as means Ϯ S.D. of three independent experiments; *, p Ͻ 0.05 versus ns-RNA. C, cell surface proteins were labeled with Sulfo-NHS-SS-Biotin. Biotinylated proteins were collected using streptavidin-agarose, and PECAM1 content was evaluated by Western blot analysis with corresponding antibodies. D, PECAM1 immunoprecipitation under nondenaturing conditions was performed from control EC or cells subjected to 18% CS for 15 min. The presence of VEGFR2 and VE-cadherin in immune complexes was examined by Western blot. E, PECAM1 and VE-cadherin co-localization in lung EC was examined by double immunofluorescence staining for PECAM1 (red) and VE-cadherin (green). Insets, higher magnification images of peripheral cell areas marked by quadrangles.
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integrity (11, 50) . The data described above (Fig. 1) show that EC exposure to 18% CS caused transient disassembly of the VE-cadherin⅐afadin⅐p120-catenin complex. The dissociation of afadin from VE-cadherin induced by 18% CS was inhibited in EC with VEGFR2 knockdown (Fig. 8A) , which is consistent with the preservation of adherens junction integrity and EC barrier in CSstimulated EC with VEGFR2 knockdown (Figs. 5 and 6 ).
Afadin is also known to enhance the EC barrier by promoting physical interactions between adherens junctions and tight junctions (13, 51) . Based on these properties of afadin, we questioned whether altered afadin expression may affect EC monolayer barrier properties under mechanical forces. Experiments with afadin knockdown showed increased VEGFR2 and VEcadherin phosphorylation in EC exposed to 18% CS (Fig. 8B) , accompanied by impaired recovery of adherens junction complexes after 120 min of stretching (Fig. 8C ). Next, we examined whether enhancement of cell junction complexes by forced afa-din expression may preserve VE-cadherin⅐VEGFR2 association and thus maintain the integrity of EC monolayers exposed to pathologic CS. Expression of recombinant afadin suppressed CS-induced disassembly of the VEGFR2⅐VE-cadherin complex as detected by co-immunoprecipitation assay with VEGFR2 antibody (Fig. 9A) . The preservation of this complex was accompanied by inhibition of 18% CS-induced tyrosine phosphorylation of VEGFR2 and VE-cadherin (Fig. 9B ). Ectopic expression of afadin also increased the pool of membrane-associated VE-cadherin in static EC cultures and stabilized VE-cadherin in the membrane fraction of EC monolayers exposed to 18% CS (Fig. 9C) . These results suggest a role for afadin in the stabilization of surface VEcadherin and preservation of EC barrier integrity.
Discussion
Increased lung vascular leak caused by lung microvascular overdistension during mechanical ventilation at high tidal vol- Human pulmonary EC were transfected with VEGFR2-specific or nonspecific siRNA, followed by 18% CS stimulation for indicated periods of time. Control cells were left under static conditions. A, effect of VEGFR2 knockdown on CS-induced VE-cadherin tyrosine phosphorylation. siRNA-induced protein depletion was confirmed by Western blot. ␤-Actin was used as a normalization control. n ϭ 3; *, p Ͻ 0.05 versus ns-RNA. B, effect of inhibition of VEGFR2 tyrosine kinase activity on CS-induced VE-cadherin tyrosine phosphorylation. The cells were treated with vehicle or 5 M SU-1498 for 30 min prior to exposure to cyclic stretch. VE-cadherin phosphorylation was analyzed by Western blot with corresponding antibody. ␤-Actin was used as a normalization control. n ϭ 3; *, p Ͻ 0.05 versus 18% CS alone. C, effect of VEGFR2 knockdown on 18% CS-induced VE-cadherin internalization was detected by Western blot analysis of protein content in the membrane faction and total lysates from static and stretched EC. n ϭ 3; *, p Ͻ 0.05 versus ns-RNA. D, effect of VEGFR2 knockdown on 18% CS-induced adherence junction remodeling was evaluated by immunofluorescence staining of EC monolayers with VE-cadherin antibody. The bar graph represents quantitative analysis of VE-cadherin peripheral accumulation. The data are expressed as means Ϯ S.D. of three independent experiments; *, p Ͻ 0.05 versus ns-RNA. MAY 6, 2016 • VOLUME 291 • NUMBER 19
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ume is a result of stretch-induced EC barrier dysfunction. EC exposed to pathologic mechanical forces become more susceptible to barrier-disruptive agonists. The mechanism of such sensitization remains unclear. This study demonstrates for the first time the sustained CS-induced weakening of adherens junctions in pulmonary EC and describes a molecular mechanism of prolonged vascular leak caused by excessive mechanical strain.
Rapid EC barrier dysfunction caused by short term CS is associated with EC reorientation response and mediated mostly by Rho mechanisms (36) . Our new data show that even after 2 h of 18% CS, when acute barrier disruption and cytoskeletal remodeling driven by Rho mechanisms subsides, continuing exposure to pathologically relevant high CS increases endothelial permeability and weakens VE-cadherin adherens junctions. This conclusion is supported by decreased intensity of VE-cadherin immunofluorescence signal at the cell junctions, decreased content of AJ proteins p120-catenin and afadin in VE-cadherin immunoprecipitates, and the decreased pool of membrane-localized VE-cadherin in CS-stimulated EC monolayers.
VEGFR2 mediates VEGF-induced EC permeability by several mechanisms including the RhoA pathway (52, 53) . Interestingly, VEGFR2 activity is negatively regulated by VEGFR2 association with VE-cadherin at adherens junctions. The presence of VE-cadherin attenuates VEGF-induced VEGFR2 tyrosine phosphorylation and VEGFR2-mediated signaling (17, 54) . Our data show that 18% CS caused sustained tyrosine phosphorylation of VE-cadherin and VEGFR2 and decreased VE-cadherin⅐VEGFR2 association. CS exposure also increased EC sensitivity to the barrier-disruptive effect of thrombin. Increased sensitivity of CS-preconditioned EC to agonist stimulation and exacerbation of barrier-disruptive response may reflect a change in signaling "setting points" brought by cell exposure to the physiologic or pathologic mechanical environment, which may shift the balance of basal intracellular signaling, such as stretch-activated channel activity, basal activities of small GTPases, and gene expression. These effects of cyclic FIGURE 7 . VEGFR2 knockdown attenuated synergistic effect of 18% CS on EC permeability and VE-cadherin internalization induced by low dose thrombin. HPAEC were transfected with VEGFR2-specific or nonspecific siRNA, followed by application of 18% CS for 120 min. Vehicle or thrombin (0.1 unit/ml) were added for the last 15 min of the experiment. A, permeability measurements were performed using FITC-avidin fluorescence XPerT assay. n ϭ 4; *, p Ͻ 0.05 versus ns-RNA. B, VE-cadherin internalization was assessed by Western blot analysis of protein content in the membrane faction and total lysates from static (ST) and stretched EC stimulated with thrombin. n ϭ 3; *, p Ͻ 0.05 versus ns-RNA. C, effect of VEGFR2 knockdown on EC monolayer gap formation caused by 18% CS, and thrombin was evaluated by immunofluorescence staining of EC monolayers with VE-cadherin antibody. Paracellular gaps are marked by arrows. The bar graph represents quantitative analysis of paracellular gap formation. The data are expressed as means Ϯ S.D. of three independent experiments. *, p Ͻ 0.05 versus ns-RNA. stretch and flow preconditioning have been described in the literature (55) (56) (57) . Altogether, changing set points of sensitivity to circulating agonists by organ or vessel exposure to physiologic or pathologic mechanical forces may be an important factor defining specific responses to external stimuli. In the present model, such sensitization of agonist-induced barrier disruption may be due to CS-induced activation of VEGFR2 signaling, which is known to stimulate vascular permeability or increased VE-cadherin internalization. VE-cadherin tyrosine phosphorylation also decreased VE-cadherin association with other AJ binding partners (p120-catenin and afadin) and the membrane-associated pool of VE-cadherin.
CS-induced phosphorylation of VE-cadherin at Tyr 658 was mediated by VEGFR2, as shown by experiments with siRNA-induced VEGFR2 knockdown or pharmacological inhibition VEGFR2 tyrosine kinase activity by SU-1498. Our data also demonstrate that VEGFR2-mediated VE-cadherin phosphorylation is Src-dependent: (a) VE-cadherin was phosphorylated upon cells stimulation with VEGF; this effect was abolished by Src inhibitor; and (b) pretreatment with Src inhibitor suppressed CS-induced VE-cadherin phosphorylation. These results demonstrate a signaling mechanism of VEGFR2-mediated Src-dependent VE-cadherin phosphorylation (58, 59) . The importance of AJ-associated VE-cadherin for the control of VEGFR2 activity is further illustrated by experiments with EC incubation with VE-cadherin blocking antibody BV-9, which significantly increased VEGFR2 tyrosine phosphorylation. BV-9 binds to cell surface-exposed VE-cadherin, leading to AJ disassembly, VE-cadherin internalization, and increased EC permeability (46) .
It is currently known that mechanosensory complex of PECAM1, VEGFR2, Src, and VE-cadherin confers endothelial responsiveness to shear stress and activates proinflammatory signaling pathways in response to disturbed flow (16) . Although previous works described distinct VE-cadherin and PECAM1 localization under basal conditions (60, 61) , recent studies of vascular EC response to fluid shear stress reported assembly of mechanosensory complex consisting of PECAM1, VE-cadherin, and VEGFR2 (16, 62) . It was also shown that PECAM1 recruits protein-tyrosine phosphatase SHP-2 in response to flow shear stress and thus activates Erk MAP kinase signaling (63) . PECAM1 is phosphorylated by both shear stress and CS (64) . The elegant study by the Fujiwara group (64) demonstrated that CS may cause PECAM1 phosphorylation even in Triton-permeabilized cell models in the presence of ATP. Specific analysis of PECAM1 dynamics during 18% CS-induced EC barrier dysfunction showed CS-induced PECAM1 phosphorylation, disappearance from the cell periphery, and PECAM1 FIGURE 8. Effect of afadin depletion on VE-cadherin and VEGFR2 association phosphorylation EC monolayer recovery under 18% CS. A, HPAEC transfected with VEGFR2-specific or nonspecific siRNA were left static (ST) or exposed to 18% CS (120 min). Afadin association with VE-cadherin in static and 18% CS-stimulated EC was evaluated by co-immunoprecipitation assay using afadin antibody. n ϭ 3; *, p Ͻ 0.05 versus ns-RNA. B and C, EC were transfected with afadin-specific or nonspecific siRNA, followed by 18% CS stimulation. Control cells were left under static conditions. B, effect of afadin knockdown on CS-induced (15 min) VEGFR2 and VE-cadherin tyrosine phosphorylation. siRNA-induced protein depletion was confirmed by Western blot. ␤-Actin was used as a normalization control. n ϭ 3; *, p Ͻ 0.05 versus ns-RNA. C, effect of afadin knockdown on 18% CS-induced (120 min) adherence junction remodeling was evaluated by immunofluorescence staining of EC monolayers with VE-cadherin antibody. The bar graph represents quantitative analysis of VE-cadherin peripheral accumulation. The data are expressed as means Ϯ S.D. of three independent experiments. *, p Ͻ 0.05 versus ns-RNA. IP, immunoprecipitation. MAY 6, 2016 • VOLUME 291 • NUMBER 19 JOURNAL OF BIOLOGICAL CHEMISTRY 10041 internalization (Fig. 5 ). However, immunoprecipitation and imaging studies did not reveal increased PECAM1 association with VE-cadherin or VEGF2 upon stimulation with 18% CS. In our model, acute high magnitude CS caused rapid disruption of cell junctions not observed after shear stress application. These results reflect different effects of shear stress and cyclic stretch on assembly of this mechanotransduction complex. Moreover, acute exposure to CS and shear stress induces different cytoskeletal responses: Rac-dependent formation of lamellipodialike structures and barrier enhancement response by flowstimulated EC (65) versus RhoA-dependent remodeling of stress fibers and disassembly of cell junctions in EC exposed to acute stretching at pathologically relevant magnitude (20, 26, 66) . Therefore, both types of mechanical loads on vascular endothelium share common and distinct mechanotransduction mechanisms affecting EC physiology and functional responses to agonists. The current study provides new informa-tion about functioning of this signaling module in EC exposed to 18% CS and demonstrates a novel role of VEGFR2⅐VE-cadherin complex in EC adaptation and agonist-induced permeability responses under high magnitude CS. The role of PECAM1-triggered signaling in high magnitude CS-mediated EC barrier disruption is an interesting question that requires further investigation.
VEGFR2 Mediates Stretch-induced EC Permeability
Another novel finding of this study is the preservation of monolayer integrity in CS-stimulated EC monolayers by forced expression of afadin, which rescued EC barrier disruption caused by high magnitude CS. Afadin is a scaffold protein mediating assembly of cell-cell junctions (12) . Our recent study shows that afadin promotes association between p120-catenin and VE-cadherin and contributes to agonist-induced EC barrier enhancement (13) . The present study shows the protective effect of forced afadin expression: an attenuation of CS-induced VEGFR2 and VE-cadherin phosphorylation and CS-induced FIGURE 9 . Effect of afadin expression on VE-cadherin⅐VEGFR2 association and tyrosine phosphorylation under 18% CS. A, HPAEC were transiently transfected with EGFP-tagged wild type afadin (Afadin-WT) or empty vector (Em. Vec.), followed by stimulation with 18% CS for 30 min or static (ST) conditions. VE-cadherin⅐VEGFR2 association in static and 18% CS-stimulated EC was evaluated by co-immunoprecipitation assay using VEGFR2 antibody. n ϭ 3; *, p Ͻ 0.05 versus empty vector. Ectopic expression of wild type afadin in pulmonary EC was verified by Western blot analysis of total lysates. B, HPAEC were transfected with empty vector or wild type afadin and then stimulated with 18% CS for 120 min or left under static conditions. 18% CS-induced tyrosine phosphorylation of VEGFR2 and VE-cadherin in control and adafin expressing EC was evaluated by Western blot with corresponding antibodies. n ϭ 3; *, p Ͻ 0.05 versus empty vector. C, VE-cadherin internalization was detected by Western blot analysis of protein content in the membrane faction and total lysates from static and stretched EC (18% CS, 120 min) transfected with empty vector or wild type afadin. n ϭ 3; *, p Ͻ 0.05 versus empty vector. IP, immunoprecipitation.
dissociation of the VE-cadherin⅐VEGFR2 complex. In contrast, afadin knockdown augmented VEGFR2 and VE-cadherin phosphorylation in response to acute 18% CS and decreased recovery of adherens junction complexes after 2 h of stretching. These effects are most likely dictated by afadin function as a scaffold protein that stabilizes VE-cadherin adherens junctions and maintains the barrier in EC monolayers exposed to prolonged CS. Taken together, the data strongly suggest that the VEGFR2⅐VE-cadherin uncoupling at cell junctions caused by excessive cyclic stretch leads to VEGFR2 activation, VE-cadherin phosphorylation, and propagation of barrier-disruptive signaling cascade. It is also important to note that activation of the VEGF-VEGFR2 pathway stimulates Rho-dependent signaling, which may also affect EC permeability. Therefore, CS-induced and VEGFR2-dependent AJ weakening and additional stimulation of Rho pathway may cause a synergistic effect on EC permeability and further augment the effects of barrierdisruptive agonists.
Based on our results, we propose a model of impaired EC permeability caused by sustained pathologically relevant excessive cyclic stretch. The cyclic nature of vascular mechanical strain in pathologic conditions, for example during suboptimal mechanical ventilation, maintains certain levels of AJ disruption, which cause continuing physical disassembly of VEcadherin-positive AJs. Uncoupling of the AJ-associated VE-cadherin⅐VEGFR2 complex leads to autoactivation of VEGFR2 by tyrosine phosphorylation at Tyr 1175 (67) . In turn, activated VEGFR2 stimulates Src-dependent tyrosine phosphorylation of VE-cadherin at the p120-catenin binding site Tyr 658 , which causes p120-catenin dissociation from VE-cadherin and promotes further disassembly of AJ. This process is also accompanied by CS-induced phosphorylation and internalization of PECAM1. Forced expression of adaptor protein afadin physically enhances cell junctions, increases VE-cadherin⅐VEGFR2 interactions, and resolves CS-stimulated barrier-disruptive VEGFR2 signaling. As an alternative, the vicious circle of high magnitude CS-induced AJ weakening and ventilator-induced lung vascular leak in vivo may be blocked by pharmacological activation of Rap1 and Rac1 pathways (31, 42, 68, 69) , which stimulate cell junction assembly (70 -72) , or by increased expression of AJ-and TJ-associated structural proteins. 
